To date, mineral resources are only mined on land but projected increases in demand have brought the exploration and exploitation of marine mineral resources back into focus. The Atlantis II Deep, located in the central Red Sea between Saudi Arabia and Sudan, is one of the largest marine sulfide deposits known, with high concentrations of metals such as zinc, copper, silver and gold. However, little is known about the economic potential of marine minerals as well as the legal constraints. Our geological assessment shows that the deep is similar in grades and scale to large land-based deposits. Its economic potential is far from negligible. The present value of possible gross revenues ranges from 3.11 to 8.21 billion US-$, depending on the minerals considered. From a legal perspective, a general duty to cooperate in the exploration and exploitation of non-living resources located in disputed maritime areas is identified in both customary international law and in the UNCLOS. It is submitted that a joint development agreement is one means of ensuring compliance with this duty in general and in the case of the Atlantis II Deep in particular.
Introduction
To date, the majority of mineral resources are mined on land, but projected increases in demand have brought the exploration and exploitation of marine mineral resources back into focus (Glasby, 2000; Hoagland et al., 2010) . The Canadian company Nautilus has begun its exploration of massive sulfide deposits in the coastal waters in Papua-New Guinea's Exclusive Economic Zone (EEZ) with the aim of starting exploitation in 2012. China has recently applied for a contract area in international waters to explore massive sulfide deposits (Pedroletti, 2010) . Moreover, a Saudi-Arabian company has been granted an exclusive mining license over the Atlantis II Deep (A2D) in the Red Sea. Another reason behind this growing interest is the uneven distribution of mineral resources across the globe. The Democratic Republic of Congo (DRC), for example, possesses more than 50% of the world's cobalt reserves; about 30% of the world's copper reserves are located in Chile; and about 50% of the world's manganese reserves are shared by Ukraine and South Africa (USGS, 2010b) .
Literature on deep-sea mining first emerged in the 1970s as a result of rising metal prices and a need for supply security of important minerals. Aspects that were investigated include assessments of e.g. environmental impacts (see e.g. Clark and Neutra, 1983; Brown, 1983) , legal constraints (see e.g. Stein and Walter, 1977) and economic considerations (see e.g. Kirthisingha, 1983; Shusterich, 1982; Cameron and Georghiou, 1981) . Since metal prices did not increase as predicted and metal shortages did not occur, the interest in this topic declined and only few studies were published after 1983.
Today, the interest in deep-sea mining is resurfacing as a consequence of metal prices rising again (Gaylord, 2000; Pedroletti, 2010) . A few recent studies exist (Halfar and Fujita, 2002; Hoagland et al., 2010) but little is known as yet about the economic potential of marine minerals. This raises the question whether marine deposits can play a role in supplying mineral resources to world markets in the future. Given the fact that most of these minerals are located in areas beyond the limits of national sovereignty, the legal framework applicable to the exploration and exploitation of these deposits differs significantly from that applicable to onshore activities, which are almost exclusively governed by the standards of domestic law. To our knowledge, we are the first to investigate these issues related to the A2D resources located in the Red Sea, midway between Saudi Arabia and Sudan (see Figure 1 ).
The A2D is the largest marine sulphide deposit known with high concentrations of metals such as zinc, copper, silver and gold. It is similar in scale to large land-based deposits. The A2D has partly been explored, and mining as well as preprocessing of the mined sediments has proven feasible during an unprecedented effort initiated by the Government of Sudan and further supported by the Saudi-Sudanese Red Sea Commission. An environmental impact study was conducted alongside this mining project as the first of its kind. However, due to economic reasons the project was stopped around 25 years ago, before having entered into the pilot mining operation stage. Today, technology, environmental perception and research standards as well as economic preconditions have changed considerably, which motivates the demand for a new evaluation of this marine deposit. The extensive data on the resource stocks present in the A2D gives us the opportunity to reevaluate these reserves from an economic perspective and to analyze possible impacts of an extraction on the world market. There is no recent work on this subject. Comparing the stocks to the current metal production in Saudi Arabia and Sudan, the numbers are significant and far from negligible. With regard to the law of the sea, the A2D is, next to the Timor Gap, one of the most relevant resource deposits worldwide. It is therefore well suited for an evaluation of the potential of joint development schemes applicable to disputed sea areas as a means of furthering or perhaps even replacing delimitation efforts.
In the following we briefly review the potential of the A2D from a geological perspective (Section 2), before we investigate its economic potential (Section 3) and legal constraints (Section 4). Section 5 discusses the results and concludes.
Geological setting
The Red Sea is a textbook example of a modern-day oceanic rift-basin forming as a result of continental break-up. A characteristic feature in the central and northern Red Sea are more than a dozen isolated bathymetric depressions, colloquially referred to as "deeps", which are filled with salt brines derived from the leaching of the Miocene salt deposits underlying the entire Red Sea. The A2D is the largest basin of this kind in the axial rift zone of the Red Sea (see Figure 1 ). As a topographic depression, which encompasses an estimated volume of 17km³ from a water depth of 1,900m to 2,200m, the A2D contains layered fluids with temperatures of up to 66°C and salinities of up to 27%. Beneath the brines, up to 40m of finegrained metalliferous sediments have been accumulating for the past 25,000 years (Anschutz et al., 1995 (Anschutz et al., , 1998 Anschutz, 2000; Bäcker and Schoell, 1972; Hartmann, 1985; Zierenberg and Shanks, 1986) . These sediments are characterized by a high horizontal and vertical variability in metal concentrations, with generally high average grades of metals such as zinc, copper and silver (Zn>2%, Cu>~0.5%, Ag>~39g/t) (Scholten et al., 2000; Barbery et al., 1981) . With proven reserves of 89.5 million tons (dry salt free), A2D has a considerable size, even compared to land-based deposits (see Table 1 ), which makes it the largest marine sulfide deposit known (Barbery et al., 1981) . 
Deep Sea Mining A2D -The MESEDA project
Other than mining of deep-sea manganese nodules, manganese crusts and seafloor massive sulfides, the mining of seafloor sedimentary sulfides, as present in A2D, has not been in focus recently (Glasby, 2000) . However, it is foreseeable that this is going to change, since only recently the Saudi-Arabian company Manafa has been granted an exclusive mining license over the A2D for a period of 30 years. A2D is the largest and most intensively investigated marine sulfide deposit of its kind, but investigations regarding its commercial potential, the viability of mining the metalliferous sediments as well as accompanying environmental investigations date back more than 25 years. From 1969 to 1981, numerous expeditions recovered more than 500 sediment cores from the A2D as part of an exploration effort initiated by the Government of Sudan and further supported by the Saudi-Sudanese Red Sea Commission, which was formed in 1974. The German company Preussag carried out the exploration campaign "Atlantis II-Deep Metalliferous Sediments Development Program" (MESEDA). This program was aimed at the assessment of the overall technical viability of deep sea mining and the processing of metalliferous muds on board of a vessel. The program encompassed a pre-pilot mining test (PPMT), environmental surveys including the study of pre-mining environmental conditions of the Red Sea in the area of the A2D, as well as an economic evaluation. During the PPMT, the mining system and the onboard processing of the muds proved to be feasible. However, due to declining commodity prices the economic interest in the project ceased in the early 1980s. The environmental risk assessment study conducted during and after the deep-sea mining process of the MESEDA project was the first of its kind. One main result was a set of valuable data resulting from base line research of the Red Sea environment. Another main achievement were guideline data on water depth for a low-risk disposal of tailings, which result from the onboard processing of metalliferous muds. The sediment plume, which developed after the disposal of tailings during a PPMT, was considered a key risk factor and thus closely studied. In this context, a problematic characteristic of A2D sediments is their pronounced fineness, which allows them to be dispersed more widely. Definite evaluations of commercial mining impacts could not be provided by the environmental study due to temporal and spatial limitations (Ahnert and Borowski, 2000) . Further environmental studies were envisaged during the pilot mining operation, which, in the end, was never conducted. Hence, a high degree of uncertainty remains regarding possible environmental risks resulting from mining A2D.
Metal contents
Several deposit evaluations of A2D have been published (Bischoff and Manheim, 1969; Guney et al., 1984; Hackett and Bischoff, 1973; Mustafa et al., 1984 ) (see Table2). The varying results can be explained by differences in the amount of data used for calculations, the application of different statistical approaches, as well as a pronounced variability in the chemical composition of the sediments. However, the deposits have not yet been fully explored, since their deeper parts were only covered by a few exploration corings, which did not provide sufficient data for a proper estimation of the complete in situ geological reserves. While presenting reserve numbers, it must be stated that actual reserves, which could be profitably mined, may be quite different (Barbery et al., 1981) . Table 3 provides information on the metal contents of the A2D according to different studies. It includes results from our own calculations which are described in detail in Section 2.3. These results form the basis for our economic considerations in Section 3. Hackett and Bischoff (1973) calculated the total amount of zinc and copper based on an isopach map, which was compiled on the basis of 28 cores from the 1969 Wando River cruise. Guney et al. (1984) based their calculations on 628 cores. The numbers provided by Mustafa et al. (1984) are based on a total of 605 corings. The two last-mentioned studies included all data from the Preussag campaigns in A2D and calculated reserves applying the Kriging method for an area of 500x500m². The results were then grouped for total reserve estimation. Note: An x indicates that no information is available.
Data Analysis
Unpublished geochemical data emanating from Preussag's MESEDA project formed the basis for our own calculations. All information regarding the MESEDA project is available to us in analog form. We digitized the geochemical data, compiled them in a geodatabase and thus made them available for further processing and visualization. In this study the geochemical data were used for recalculating the metal contents for certain depth slices. The data were derived from a total of 480 sampled sediment cores taken in the A2D. Most of the cores (260) are at least 10m long, in some places coring reached down to 17 -18m. The approximate extension of the survey area is 60km 2 with around 8 cores taken per m² (see Figure 2 ).
Samples of 100cm in length were homogenized and then processed. The analytical values refer to dry, salt-free material. Information on cobalt and gold is not available. For our analysis we used a regular data interpolation method (Delaunay triangulation) as well as a modified ridge estimator method to assess the total amount of components across the entire deep. The two methods yielded comparable results, which are summarized in Table 3 . This serves as a rough overview of metal contents in according depth slices in the deep. The spatial coverage of cores was insufficient below 14m, so the estimations were restricted to the parts <14m depth. For deeper areas, cores become less and the more concentrated cores were taken laterally. Thus, the areas covered by interpolation are smaller (see "Area" in Table 3 ). A vertical variability of metal contents in A2D is evident when comparing reserves of different depth ranges. E.g. zinc, copper and silver tonnages show a distinct maximum between 8-9m. There is another peak of tonnages for silver and copper between 11-12m. In contrast to zinc, copper and silver, manganese is not sulfide-bound and shows the highest tonnages at other depths (between 4-8m and between 12-13m). Figure 3 displays spreading maps of different metal contents, based on average values of each entire core, since a presentation of maps for all components at all available depths would be beyond the scope of this paper. The maps reveal a remarkable variability in the lateral distribution of metal contents. Especially the southwestern and western basins hold the highest contents of copper, zinc and silver.
The data presented by this study will serve as one part of background information for the following economic considerations. Manganese, iron, and smaller percentages of cobalt, molybdenum and vanadium were denoted as difficult to extract economically and thus not included in the Preussag evaluations (Barbery et al., 1981) . Nevertheless, we calculated values for manganese, although it is still not proven if there is an economic way of extraction. The data presented in Section 3 for cobalt and gold are taken from the studies of Guney et al. (1984) and Mustafa et al. (1984) , respectively.
3 Economic potential
Trends in world metal markets
Mineral resources are used as raw materials in a range of production processes. Copper, for example, is widely used for electrical and electronical applications, wiring, and plumbing as well as for electricity and communications infrastructure. It is the third most commonly used industrial metal after steel and aluminum (ABARE, 2010b). The production of and the demand for mineral resources is closely related to the development of the world economy. Consequently, the financial crisis and the subsequent economic downturn induced substantial cutbacks in metal demand during the first half of 2009 (World Bank, 2010a). However, continued demand from emerging economies, especially from China and India, has induced recent increases in consumption and prices. This trend is expected to continue in the future (ABARE, 2010a). Figures 4 and 5 illustrate how metal production has increased throughout the last half century due to economic growth. A-1 in the appendix gives a detailed overview of world metal production and demand including copper, zinc, gold and silver for the period from 2006 to 2009. Our economic considerations focus on these mineral resources because they are relatively scarce on earth but necessary for many production processes and consequently are traded at high prices on world markets. Moreover, price forecasts for these metals are more readily available (World Bank, 2010a).
According to Table A -1, world refined zinc consumption decreased by around 7% to 10.6 million tons in 2009 but increased in China and India. World copper consumption is estimated to have risen by approximately 1% to around 18.3 million tons in 2009, induced by an increased copper consumption in China but lower demand from the USA and other OECD countries. The demand for metals such as zinc and copper in countries like China and India is expected to continue to grow in the medium term (ABARE, 2010a,b).
The demand for silver decreased in 2009 due to a decreasing demand for industrial production, photography, and jewelry, which could not be made up for by an increasing demand for silverware and coins. 2009 was also characterized by an increasing investment demand (Silver Institute, 2010). Gold fabrication, which consists of gold used in jewellery, electronics, dental applications, medals, coins and other industrial uses, fell by more than 16% to 2,417 tons in 2009, reflecting higher prices and a decline in global economic activity. However, the investment demand for gold, which grew strongly in 2009, is likely to remain strong during 2010 due to the European debt crisis and uncertainty concerning the scope and pace of economic recovery (ABARE, 2010a).
Manganese is used as an essential input in steel production for which there is no substitute. On average, 10kg of manganese alloys are used per ton of steel produced. The global recession induced major cutbacks in demand for ferroalloys and thus for manganese (USGS, 2010b; IMnI, 2010) . Cobalt is used mainly in superalloys as well as for the production of rechargeable batteries. Over the last years, demand patterns shifted from the USA and Western Europe to Asia, and increases in demand were driven almost exclusively by chemical applications such as batteries (CDI, 2010) .
Metal production was also influenced by the economic crisis. For example, shrinking demand and decreasing prices led to cutbacks in mining capacity for zinc production in late 2008 and the beginning of 2009, so that world zinc mining production fell by around 8% to 10.8 million tons in 2009 (ABARE, 2010b). Moreover, metal markets were tight due to a low scrap supply and numerous strikes, e.g. in Canada and South America (World Bank, 2010a). World copper mining production, however, showed a steady increase, rising from 8.8 million tons in 1988 to 15.9 million tons in 2009, due to a steady increase in copper demand from growing economies around the world (BGS, 2009). Both copper and zinc production are expected to recover throughout 2010 and 2011 (ABARE, 2010a) . Cobalt is usually mined as a byproduct of other metals such as copper or nickel (CDI, 2010).
World gold supply increased in 2009, mainly driven by increases in scrap sales from old jewelry, which reached a record high of 1,674 tons in 2009 due to high gold prices. World gold mining production increased by 7.5% to 2,572 tons in 2009 with the largest increase occurring in Asia and Russia (ABARE, 2010a,b) . World silver mine production increased steadily over the last years, reaching 22,070 tons in 2009, while scrap sales decreased by nearly 6% to 5,154 tons, which is mainly due to lower silver use and recycling in photography (Silver Institute, 2010).
Metal prices have been increasing strongly in the last years and metal markets have been extremely volatile. This was not due to the absolute scarcity of minerals but rather due to imbalances of supply and demand and unexpectedly strong demand impulses from China and India, driven by increased industrial production and the development of new production processes (ISI, 2009 ).
Metal prices decreased significantly between July 2008 and February 2009, reflecting the economic downturn as a result of the financial crisis. However, metal prices started to rise again in March 2009, partly reflecting recovering industrial production as well as a strong import demand from China and tight scrap markets (World Bank, 2010a) . The second half of 2010 again saw a slight decrease in metal prices due to the European debt crisis and uncertainty with regard to future economic growth as well as due to the intention of the Chinese government to slow its growth (ABARE, 2010a). Metal prices are expected to increase moderately over the next two years as the global economy recovers and demand expands (World Bank, 2010a). 1
Aggregate information on metal price indices and corresponding forecasts can be inferred from Figure 6 . Table A Table 4 provides an overview of world metal reserves in 2010 and the main countries in which they occur. In addition, the table shows the amount of absolute resource deposits in the A2D as well as its percentage relative to total world reserves. Own calculations and presentation. Data source for reserves in 2010 and main countries USGS (2010b). a Data taken from Mustafa et al. (1984) . b Data taken from Guney et al. (1984) . Table 4 refer to onshore reserves. 2
World metal reserves and A2D resources

The figures reported in
Mineral resource deposits in the A2D thus do not constitute a large fraction when compared to global reserves or to reserves in the largest deposit countries. Zinc or silver reserves in China, for example, are ten times higher than those in the A2D. Still, the resources in the A2D are World copper reserves, for example, currently amount to 540 million tons, 29.6% of which are located in Chile, 11.7% in Peru, 7.0% in Mexico and 5.7% in Indonesia. However, global land-based copper resources are likely to exceed 3 billion tons and about 700 million tons may be contained in deep-sea nodules. Identified zinc resources amount to 1.9 billion tons worldwide. In addition to the reserves reported in Table 4 , 1 billion ton of hypothetic and speculative cobalt resources may exist in manganese nodules and crusts on the ocean floor (USGS, 2010b). located within an area of 60 km 2 and are thus concentrated quite locally. As described in Section 2, the concentration of the minerals in the A2D is lower compared to those in landbased mines for zinc but higher for copper. Overall, ore concentrations are comparable to those of terrestrial mines.
Moreover, the mineral resource deposits in the A2D can be compared to terrestrial mines regarding the absolute amounts of ore. For example, the company XSTRATA, the world's largest zinc producer and one of the largest copper producers, exploits the Lomas Bayas II mine in Northern Chile, which has a copper content of 768,000 tons. Proven copper reserves in XSTRATA mines range from 120,000 tons to 3.1 million tons (XSTRATA, 2009a) . The same company extracts zinc e.g. from the McArthur River mine in Australia, which has proven zinc reserves of 3.37 million tons. Proven zinc reserves in XSTRATA mines range from 452,100 tons to 3.37 million tons (XSTRATA, 2009b) . Moreover, Barrick`s Round Mountain mine in North America had proven and probable gold reserves of 41.56 tons as of December 2009. Proven and probable reserves in Barrick`s gold mines range from 0.54 tons to 505.73 tons (Barrick, 2010) . All Pan American silver mines together had proven and probable silver reserves of 6,632 tons as of December 2008. Reserves in the mines exploited by Pan American range from 111.4 to 1,820.1 tons (Pan American, 2010) . Therefore, the A2D is similar in scale to large land-based deposits.
The economic potential
To indicate the economic potential of the mineral resource deposits in the A2D, we calculated the present values (PVs) of possible future gross revenues created by resource exploitation. For this purpose, we assume that half of the resources identified in the A2D are exploited over 20 years at a constant annual rate. 3 We further assume that exploitation starts in 2011 and continues until 2030. This implies, for example, that copper extraction would amount to between 18,500 tons and 20,250 tons per year. This is only 0.1% of annual global mine production, so that it is unlikely that the extraction of mineral resources from the A2D will influence mineral prices on world markets. Thus, we can take the prices on world mineral markets as given. To evaluate resource extraction, we use the nominal price forecasts presented by the World Bank until 2020 (see Table A -2 in the appendix). For the years 2013 to 2014 and 2016 to 2019, prices have been interpolated linearly. From 2021 onwards we are building two scenarios: The first scenario assumes that prices remain constant, reflecting a situation in which increasing demand can be balanced by increasing production (low price scenario). The second one assumes moderately increasing prices until 2030, reflecting a situation in which increasing demand cannot be balanced with increasing production. These assumptions are meant to illustrate two possible scenarios of future development. Of course, price developments are highly uncertain and driven by economic activity but also by demographic changes, changes in taste and lifestyle and technological progress. Table 5 shows the PVs of resource extraction according to the different scenarios and different discount rates (5%-10%) as well as for the uncertainty range of the mass calculation for the resources. Summing up the minimum values for the PVs, which are printed in italics in Table 5 , we receive a total PV of the resources in the A2D amounting to 3.11 billion US$. The sum of the maximum values (underlined in Table 5 ) is equal to 5.29 billion US$. These calculations only include the base metals copper and zinc as well as the precious metals gold and silver as World Bank price forecasts are only available for them and not for cobalt and manganese. Assuming that also half of the cobalt and manganese resources of A2D are mined over the next 20 years, and assuming for simplicity that prices stay constant at the level of September 2010, an additional PV of 2.55 to 2.86 billion US-$ could be gained from manganese extraction, and an additional PV of 56.09 to 57.58 million US-$ could be gained from cobalt extraction, both using a discount rate of 10%.
Note that these calculations are rough estimates of monetary revenues that crucially depend on our assumptions on e.g. future price paths. In our calculations, we further assume that deep sea mining A2D is profitable at world market prices. To calculate the socially optimal net present benefit of extraction we would need to take into account extraction costs and environmental impacts; since this information is currently unavailable our figures only show possible gross revenues. In order to become economically attractive, A2D must be suited to compete with land-based deposits concerning size, grade (metal contents) and accessibility. As discussed above, the metal content of some minerals is similar to or higher than that of land-based deposits and the size of the A2D is similar compared to large onshore deposits. Accessibility might be lower due to the fact that the minerals are located in water depths of up to 2,200m. This could induce higher extraction costs. On the other hand, land-based deposits often have to be recovered from deep below the earth´s surface, which requires costly infrastructure. Moreover, cost-reducing technological advances and the high levels of concentration might compensate higher extraction costs of deep-sea mining. To limit environmental impacts, precautionary performance standards, environmental regulations and the establishment of Marine Protected Areas are certainly required (Halfar and Fujita, 2002) .
The economic significance for Sudan and Saudi Arabia
As the resource deposits in the A2D represent a potentially substantial source of income, we have investigated the importance of these resources for the economies of Saudi Arabia and Sudan. Table 6 presents gross domestic product (GDP) data for Saudi Arabia and Sudan in 2008 and indicates which metals and how much were produced in these countries and how this relates to reserves in the A2D. Sudan has had one operating gold mine with a capacity of 5,000 kg as of 2008. The mine is being exploited by the Canadian-based company La Mancha Resources Inc., which produced 2,276 kg of gold in 2008. The Sudanese Government owned 56% of the mine. Moreover, 2,400 kg of silver were produced in 2008. Mining and quarrying only account for 0.6% of national GDP. The petroleum sector has a much greater importance for the Sudanese economy, accounting for 18.6% of GDP (USGS, 2009b) .
Saudi Arabia is the world`s leading producer of petroleum and has the largest proven oil reserves (21% of world total reserves). Hydrocarbon production accounted for more than 60% of national GDP in 2008. However, a variety of metals are also produced in Saudi Arabia. In 2008, there were 1,263 active mining and quarrying licenses and 145 active exploration and reconnaissance licenses. In 2008, 1,465 tons of copper, 3,663 tons of zinc, 4,527 kg of gold and 8,232 kg of silver were produced in Saudi Arabia. The Government held ownership interests in most of the companies operating in the mining sector. All mineral deposits are exclusively owned by the state. However, Saudi Arabia`s privatization program is expected to encourage international investors (USGS, 2010c).
Given the annual average prices of 2008, the market value of metal production was approximately 65 million US$ for Sudan and 153 million US$ for Saudi Arabia in 2008. This accounts for around 0.1% of GDP for Sudan and even less for Saudi Arabia. However, the mineral resource deposits in the A2D would add considerable amounts to the reserves of both countries. Copper resources in A2D, for example, are 500 times higher than Saudi Arabia's 2008 annual copper production. The zinc and silver resources in the A2D are approximately a thousand times as high as annual production in Saudi Arabia but gold reserves in the A2D are only ten times as high. For Sudan, the A2D resources are twenty times larger than annual production in the case of gold and up to 3,000 times larger for silver.
The capacity of states to exercise sovereignty over mineral resources extends to the soil and subsoil of the entire land territory of the state to an undetermined depth. The increasing scarcity of such resources on land is causing a noticeable increase in the interest of states in exploring and exploiting off-shore mineral resources. From a legal perspective, this renewed interest in non-living resources raises a number of difficult questions to which there are few definitive answers. The international law of the sea has, throughout the centuries, exhibited a strong trend of increasing the jurisdictional capacity of coastal states. This development has resulted in an increased potential for conflicts concerning resources and an acute need for accurate and efficient delimitation of maritime areas, in particular those subjected to overlapping claims of coastal states with opposite or adjacent coasts. Owing to the complexity of the delimitation process, only 136 boundaries or 36% of the estimated total of 379 global maritime boundaries have been wholly or partially agreed upon. Despite any assertions to the contrary (Miyoshi, 1999, p. 30) , it is widely agreed that large parts of the Red Sea are not delimited (Colson and Smith, 2005, pp. 3469-3470; Schofield, 2009, p. 14) . 4 The increase in pressures on mineral resources and the correlative increase in overlapping claims have led states to seek to develop alternative solutions including cooperation mechanisms such as the joint development agreement (JDA). The agreement reached between Sudan and Saudi Arabia on the exploitation of the A2D represents just such a JDA. In the following, it remains to be determined whether an increased implementation of this and similar joint development mechanisms has a firm footing in international law and whether, in fact, states are under a duty to cooperate in this manner.
Legal properties of A2D
Notwithstanding the geographical information provided above concerning the status and position of A2D within the Red Sea, it is first necessary to establish a number of properties regarding the site in question from a legal perspective. The Red Sea is a semi-enclosed sea in accordance with the terms of the 1982 United Nations Convention on the Law of the Sea (UNCLOS) 5 4 Only 3 of 13 boundaries have been delimited (see Dzurek, 2001, p. 12) . (Colson and Smith, 2005, p. 3467) . This Convention defines "enclosed or semienclosed sea" as "a gulf, basin or sea surrounded by two or more States and connected to another sea or the ocean by a narrow outlet or consisting entirely or primarily of the territorial seas and exclusive economic zones of two or more coastal States" (Art. 122), and subjects states bordering enclosed or semi-enclosed seas to particular obligations (in Art. 123). Notwithstanding this legal status, the majority of the Red Sea riparian States claim the full ambit of maritime rights and jurisdictional zones afforded to them under the UNCLOS. The relevant area for the purposes of this paper comprises "the seabed and subsoil of the submarine areas that extend beyond [the] territorial sea throughout the natural prolongation of [the] land territory" (Art. 76 UNCLOS) and is referred to as the continental shelf. The significance of the metalliferous deposits being contained within the continental shelf area rests in the nature of the rights accorded to states over that area under the terms of the UNCLOS. The coastal state does not enjoy sovereignty over the continental shelf (Churchill and Lowe, 1999, p. 151) . Nonetheless, it is imbued with far-reaching sovereign rights to explore the seabed and exploit any natural resources found (Ong, 1999, p. 774) . These rights exist ab initio and ipso facto, and they are also inherently exclusive to the coastal state without the need of any claim being made. It is for these very reasons that delimitation has often proven so difficult with respect to potentially competing maritime claims, and it has resulted in the advent of joint development mechanisms under the auspices of a general duty of cooperation.
Duty to cooperate in general international law
Despite there being no multilateral convention requiring states to cooperate with respect to the utilization of common natural resources in general terms, there are several indications that such a duty exists in customary law. According to Lagoni (1979, p. 233) , the presence of mineral deposit clauses in the delimitation agreements of states would seem to indicate the existence of a practice sufficient to result in a customary rule requiring "[s]tates to cooperate in the exploration and exploitation of common deposits of liquid minerals." The general nature of the clauses contained in the majority of JDAs appears to sufficiently demonstrate the "fundamentally norm-creating character" (International Court of Justice, 1969, p. 43) required to constitute a rule of customary law. The relevant literature is, nonetheless, somewhat inconclusive regarding the second element of customary international law, namely the subjective element of acceptance of a particular obligation as binding in law which is referred to as opinio juris (see Lagoni, 1979, p. 235; contrast Ong, 1999, p. 788) . It is submitted that the considerable number of agreements already reached incorporating general cooperation clauses in instances where the maritime boundary surrounding resources is unclear (see Rodriguez-Rivera, 2008, p. 8; Dzurek, 2001, p. 1; Townsend-Gault) , the utterances of the International Court of Justice in several delimitation decisions (1969, p. 43; 1982, p. 320 , Judge Evensen dissenting) as well as secondary sources of law such as Resolutions of the United Nations General Assembly (1970) all point towards the existence in international law of a general duty to cooperate. This duty is implicitly reflected in Art. 1 No. 3 of the Charter of the United Nations (UN Charter), according to which the achievement of "international cooperation in solving international problems of an economic, social, cultural, or humanitarian character" is one of the central purposes of the UN.
This general customary duty to cooperate is further substantiated by the terms of the UNCLOS (Ong, 1999, p. 797) . Art. 74(3) on the delimitation of the exclusive economic zone (EEZ) requires states to "make every effort to enter into provisional arrangements." Although the phrase "make every effort" may leave some room for maneuver on part of the states, the spirit of the provision is clear: States are required to conclude practical provisional arrangements governing the disputed or undelimited area (Nordquist, 1993, p. 815) . Similarly, Art. 142 provides that states must conduct all activities in the Area with due regard to the rights and legitimate interest of any coastal state within whose jurisdiction the deposits may lie (Ong, 1999, p. 784 ). More importantly for present purposes are Arts. 83(3) and 123 UNCLOS. Art. 83(3) contains an identical provision to Art. 74(3), only it is applicable with respect to the continental shelf.
Art. 123, entitled "cooperation of States bordering enclosed or semi-enclosed seas", acts as a lex specialis with respect to the exercise of rights by states bordering a semi-enclosed sea. An initial textual understanding of this provision would seem to leave the reader in no doubt that it cannot apply to the A2D issue as a reference is made under litera (a) to the exploration and exploitation of living resources, not the metalliferous, non-living resource of interest in the A2D exploration. Notwithstanding this, further consideration ought to be paid to the wording in its context, the systematic structure of the provision as well as its purpose. 6
Having established that a duty to cooperate exists either in customary law or as a result of the provisions of the UNCLOS, it remains to be examined whether states are under a duty to employ a JDA or whether the duty to cooperate allows for greater latitude in the method which can be employed.
First, the terms "exploration" and "exploitation" are expressions usually reserved in the Convention to nonliving resources. If one compares the provisions governing living resources in the EEZ, the parlance applied is that of "conservation" and "utilization" rather than exploitation (compare Art. 62 UNCLOS; see also Proelss, 2006, p. 248) . This would seem to indicate that the inclusion of the reference to "living" resources may not have been the original intention of the states parties to the UNCLOS and that Art. 123 could be interpreted as requiring cooperation with respect to non-living resources too. Second, there is no indication that the list provided for in Art. 123 is in any way exhaustive. Thus, it is not fallacious to assert that certain unenumerated areas of cooperation may be included in the ambit of Art. 123. This contention is further borne out when one considers it in conjunction with the third supposition that the purpose of the provision itself, i.e. "the need and desirability of cooperation between States bordering a […] semi-enclosed sea" (Nordquist, 1993, p. 356) , is heightened by the factual composition of a semi-enclosed sea. "Ideally, the approach to management should be holistic and coordinated in other [sic] for the states concerned to discharge their responsibilities […] ." (Townsend-Gault, p. 14, emphasis added) Taking these factors into consideration, it is possible to summarize that Art. 123 contains a duty on riparian states of semi-enclosed seas, such as the Red Sea, to cooperate with each other with regard to delimitation and resourcerelated issues. One caveat must nonetheless be appended to this statement: The somewhat watered-down formulation "should cooperate" as opposed to "shall cooperate" weakens the duty to cooperate considerably in terms of a duty to enter into negotiations with the aim of establishing some kind of cooperation (International Court of Justice, 1969, p. 47, para. 85 ), but it is submitted that complete failure to act would not suffice to meet the requirements of the provision concerned. Miyoshi (1999, p. 3) defines a joint development as "[a]n inter-governmental arrangement of a provisional nature, designed for functional purposes of joint exploration and/or exploitation of hydrocarbon resources of the sea-bed beyond the territorial sea." The first reference to the concept of JDAs made in the practice of international courts and tribunals is to be found in the North Sea Continental Shelf Cases from 1969. In those cases the International Court of Justice (1969, p. 53 ) stated that parties could employ "a regime of joint jurisdiction, use or exploitation for the zones of overlap or any part of them." JDAs offer states the possibility to cooperate when either the boundary is delimited but the deposit straddles the boundary, or when the continental shelf has not yet been delimited and there is a potential for overlapping areas within the limits of national jurisdiction.
JDA as a cooperation mechanism
Having said that, certain elements ought to be present in order to ensure that a JDA is capable of fulfilling its purpose of furthering cooperation between two states. First, the zone in which the resources are found must be adequately defined. Second, the resources which are contained within that zone must also be determined. Third, the jurisdictional rights of the parties with respect to the resources must be resolved. Finally, the parties must reach agreement on the conditions and individual details regarding the exploration and exploitation of the resources including such issues as the division of costs as well as profits (Lagoni, 2006, p. 281 with further references). The specifics of the Sudan-Saudi Arabia Agreement concerning A2D will now be analyzed based on the foregoing criteria and taking into account considerations concerning the potentially imperative nature of a JDA in the Red Sea area.
JDA in the Red Sea
Following the discovery of potentially valuable metalliferous deposits between 1964 and 1966, Saudi Arabia passed domestic legislation asserting its trusteeship for all non-living resources in the Red Sea until such time as an agreement could be reached with all states on ownership and exploitation of the resources (Ford and Simnett, 1982) . By way of an Agreement between Sudan and Saudi Arabia relating to the Joint Exploration of the Natural Resources of the Sea-Bed and Sub-Soil of the Red Sea in the Common Zone of 16 May 1974, 7 the two states purported to establish a JDA. 8 7 1974 U.N.T.S. 197. Taking into account the criteria mentioned in the preceding paragraph necessary for the establishment of a JDA, it can be summated that the Agreement is indeed sufficient to act as a JDA for the purpose of ensuring cooperation between the contracting parties. First, the zone in which the resources can be found is adequately defined by Arts. III and IV of the JDA which created the so-called Common Zone, an "area of the sea-bed adjacent to the [coast of the state in question] where the depth of the superjacent waters is uninterruptedly one thousand meters." Second, the resources contained in the zone had already been identified by the exploratory work carried out in 1964 and 1966 and, subsequent to the creation of the JDA, by Preussag AG. By creating the Common Zone in Art. V, the parties, third, resolved the issue of jurisdictional rights with respect to the resources: "The two Governments shall have equal sovereign rights in all the natural resources of the Common Zone which rights are exclusive to them." Finally, the creation of the Joint Commission in Art. VII as well as the provision in Art. XII concerning the provision of funds by the Saudi Arabian Government serves to resolve any issues regarding the division of costs.
Discussion and conclusion
So far, mineral resources are only mined on land, but projected increases in demand have brought the exploration and exploitation of marine mineral resources back into focus. This study shows that even though the A2D only hosts comparably small amounts of mineral resources compared to global reserves and global annual mine production, the value of the resources in the A2D still is considerable and might be even higher, keeping in mind that exploration, which took place about 30 years ago, covered only half of the deposit. Moreover, A2D is the largest marine sulfide deposit known with metals concentrated in an area of 60 km 2 . The mineral resource deposits in the A2D would add considerable amounts to the reserves of both riparian countries, Sudan and Saudi-Arabia.
The present value (PV) of the resources in the A2D could range from 3.11 billion US$ to 5.29 billion US$, taking into account copper, zinc, silver, and gold. An additional PV of 2.6 to 2.9 billion US-$ could be gained from manganese and cobalt extraction. These PVs only indicate possible gross revenues of sea floor mining from which exploitation costs will have to be deducted in order to estimate net gains. Leadoff extraction costs might be higher compared to land-based deposits. However, once acquired, mining vessels and equipment could be reused and moved from A2D to other deposits of the same type. Mining as well as preprocessing of the mined sediments has proven feasible during the MESEDA project. Nevertheless, our estimates of gross revenues are rather lower bounds. Revenues might be much larger; firstly, our assumptions regarding price developments are rather conservative; secondly, we assume extraction of only 50% of the total estimated deposit; thirdly, our calculation cover only part of the metals present in the A2D, and fourthly, A2D has only partly been explored.
Seafloor mining is likely to have negative impacts on the marine environment, including a destruction of habitat, the death of marine animals living at and close to the mining site and a degradation of water quality. This implies that the costs faced by society are likely to be larger than the direct costs of resource extraction. Consequently, the environmental impacts, which are external to the decision of a private resource extractor, would have to be evaluated and accounted for in order to assess the social benefit of seafloor mining. This would require appropriate regulatory measures to be taken to control seafloor mining. Such might include a taxation of seafloor mining or an establishment of safety and liability regulations.
Newly developed innovative technologies and products are likely to further increase world demand for mineral resources, especially for trace metals such as Indium, Gallium, Neodym, or Germanium. These trace metals are important e.g. for the production of photovoltaics, laser technologies, displays or fibre optic cables -all considered key technologies of the future. A study carried out by the Fraunhofer Institute for Systems and Innovation Research (ISI) indicates that global demand for Gallium, driven by innovative production technologies, may be six times as high in 2030 as world production was in 2006. For Neodym, this ratio may be 3.8 and 3.3 for Indium (ISI, 2009 ). These results highlight that the mineral resources in the A2D in the Red Sea could have an even higher economic potential than indicated here if trace metals such as Gallium, Neodym and Indium were found there.
Regarding the situation under the law of the sea, having ascertained that the JDA entered into between Sudan and Saudi Arabia is a suitable cooperation mechanism, it remains to answer the question whether there is an obligation in international law to employ JDAs regarding common marine resources. Pertaining to the situation in the Red Sea, this is even more relevant in light of the fact that it is not completely clear whether the parties to the JDA today still consider the Agreement in general and the Joint Commission in particular as the relevant fora for their cooperation. While no evidence exists that the JDA has expired, the present authors could not obtain any information on whether the Joint Commission has actually implemented the tasks assigned to it by the JDA at all and, if so, to what extent. It seems that the issue of exploiting the resources located in the A2D has only recently come to the forefront again due to its economic potential described above, which could result in a revival of either the JDA or the legal dispute which led to its implementation in 1974.
It has been shown above that there is a duty for states to cooperate with each other in the administration of common resources under both customary international law and in the UNCLOS. The A2D is an area within a semi-enclosed sea on the continental shelf between Saudi Arabia and Sudan. Consequently, the riparian states are required to cooperate regarding the exploitation of the resources (Art. 123 UNCLOS). Furthermore, they must continue to work towards a delimited solution and, pending delimitation, make every effort to enter into provisional arrangements designed to provide the states with a mechanism to meet that aim (Art. 83(3) UNCLOS). Given the geographical peculiarities of the Red Sea, due regard must be given to several principles which have, in light of their technical nature and limitation to individual cases, not yet obtained the status of customary law but nonetheless serve as guiding standards. First, the principle of unitization considers the complex pressures (rock, water, gas etc.) to which the resources are subjected and the difficult and potentially dangerous procedure employed to separate the metals from the sludge on the sea floor. It then posits that where a deposit straddles boundaries "other States cannot extract minerals from their part of the deposit, even if the first State has extracted only that portion originally situated in its territory or continental shelf" (Lagoni, 2006 , p. 217, quoting Ely, 1937 -1938 , p. 1219 , as to do so would result in the other state being unable to exploit the resources under its jurisdiction. Second, a further principle requiring attention is the efficiency principle which implies that physical properties of a deposit must be taken into account in order to secure maximum exploitation (Ong, 1999, pp. 778-779) . Third, based on the duty to make every effort not to jeopardize the reaching of a final agreement regarding delimitation contained in Art. 83(3) UNCLOS, states are required to exercise mutual restraint with respect to the exploitation of common deposits. This principle has been taken to imply a prohibition on unilateral action where such action results in the risk of "depriving other States of the gains they might realize by exercising their sovereign rights of exploitation" (Ong, 1999, p. 798) . Finally, considerations of equity arising out of Art. 300 UNCLOS provide a basis for the assertion that states are under a duty to employ a cooperation mechanism suitable to ensure the integrity of the deposit as a whole.
It is conceded that while, with regard to semi-enclosed seas a presumption in favor of joint development applies, a definite duty to utilize JDAs cannot be imputed in every situation. Yet in the case of the A2D, taking the aforementioned guiding principles into consideration as well as the general duty to cooperate, it is submitted that conclusion of a JDA is the only genuine option available to Red Sea riparian states who are unable or unwilling to proceed with full delimitation. It is widely recognized that the practice of states particularly affected can give rise to a regional customary rule (Bernhardt (ed.), 2000, p. 163; also Brownlie, 2003, p. 10-11) . Thus it could be stated that a "regional rule of customary international law has evolved that requires joint development to resolve the problem of a common deposit" (Ong, 1999, p. 795) . Against this background, regardless of the status of the Joint Commission founded in 1974, it seems justified to conclude that Sudan and Saudi Arabia are under an obligation to either make use of, or revive respectively, the JD scheme established with the conclusion of the JDA, or to enter into negotiations with the aim of concluding a new JDA which takes into account the latest findings on the factual situation.
To conclude, research in the area of marine mineral deposits requires combined expertise from different disciplines to address the relevant aspects. This paper provides a first attempt towards the goal of more integrated research. We combine a detailed analysis of the geological resource potential of the A2D with the analysis of economic aspects and legal constraints. Increasing demand for mineral resources including rare trace metals and their uneven distribution around the globe is likely to expedite deep-sea mining in the future. Potential economic revenues that could thus be generated are substantial. Therefore, sound regulatory frameworks are required, taking into account the different legal regimes that may apply to different deposit sites but also the possible adverse environmental impacts of seafloor mining. This is deferred to future research.
